Five natural samples of a recent South America invader, the drosophilid Zaprionus indianus, were investigated with the isofemale line technique. These samples were compared to five African mainland populations, investigated with the same method. The results were also compared to data obtained on mass cultures of other populations from Africa and India. Three quantitative traits were measured on both sexes, wing and thorax length and sternopleural bristle number. We did not find any latitudinal trend among the American samples, while a significant increase in body size with latitude was observed in the Indian and, to a lesser degree, in the African populations. American populations were also characterized by their bigger size. Genetic variability, estimated by the intraclass correlation among isofemale lines, was similar in American and African populations. The intraline, nongenetic variability was significantly less in the American samples, suggesting a better developmental stability, the origin of which is unclear. A positive relationship was evident between intraline variability of size traits and the wing-thorax length correlation. Altogether, our data suggest that the colonizing propagule introduced to Brazil had a fairly large size, preventing any bottleneck effect being detected. The big body size of American flies suggests that they came from a high-latitude African country. The lack of a latitudinal cline in America seems to be related to the short time elapsed since introduction. The very rapid spread of Z. indianus all over South America suggests that it might rapidly invade North America.
Introduction
A major and recurrent problem in evolutionary biology is the capacity of natural populations to adapt to local ecological conditions Parsons, 1991, 1997; Bijlsma and Loeschcke, 1997; Conner and Hartl, 2004) . In this respect, Drosophila species appear as an evolutionary paradigm, since many species have a broad geographic range (David and Tsacas, 1981) , live under different climatic conditions and are amenable to a diversity of genetic investigations, including neutral markers, chromosome rearrangements and morphometrical, physiological and behavioural traits.
Temperature is a major factor of the environment, directly responsible for the geographic distribution of many ectotherm species (Andrewartha and Birch, 1954; Precht et al, 1973; Cossins and Bowler, 1987; Leather et al, 1993) . Several Drosophila species exhibit latitudinal clines, and genetic variations are strongly correlated with local climatic conditions especially temperature. A major attention has been paid to body size, with the recurrent observation that size increases in colder climates (Capy et al, 1993; Partridge and French, 1996; Van Voorhies, 1996; Atkinson and Sibly, 1997; Partridge and Coyne, 1997; Blackburn et al, 1999; Angilletta and Dunham, 2003) . Size is not however the only trait that exhibits latitudinal clines, and many others are documented, at least in the two most investigated species, Drosophila melanogaster and D. simulans (David and Capy, 1988; Capy et al, 1993; David et al, 2004; Gibert et al, 2004) .
Even when selective mechanisms are suspected, the exact targets of selection are not precisely identified, one reason being that comparisons concern long-established populations with an unknown history of geographic extension. Recently introduced species offer a rare and unique opportunity to follow the adaptive process 'in flagrante delicto'. In this respect, the introduction of the cold-adapted, European D. subobscura in South and North America more than 20 years ago has been a most interesting and well-investigated example of progressive adaptation (Brncic et al, 1981; Prevosti et al, 1985; Ayala et al, 1989; Huey et al, 2000; Santos et al, 2005) .
We consider now a second analogous and more recent case: the colonization of the South-American continent by an Afrotropical drosophilid, Zaprionus indianus. The first record of Z. indianus in Brazil was in late 1998 (Vilela, 1999) and, since this date, the species has increased its range very rapidly, being now found from the Equator (Belem) up to Uruguay (Goñ i et al, 2001) . Z. indianus is now very common in cultures and domestic habitats, and may be a pest for fig cultures (Vilela, 1999; Tidon et al, 2003) .
Z. indianus is a typical Afrotropical species (Chassagnard and Kraaijeveld, 1991) and more than 10 related species are endemic to that region. It was however first described from India (Gupta, 1970) , where it has been introduced at an unknown date. The geographic variability of Indian populations has been analysed and several latitudinal clines have been described (Karan et al, 1998a (Karan et al, , 2000 . The African, ancestral populations have not, however, been investigated so far.
In the present paper, we used the isofemale line technique (Hoffmann and Parsons, 1988; David et al, 2005 ) for a precise analysis of South-American populations collected between 1999 and 2004, and spanning a latitudinal range of 351. A comparison is made with recently collected African populations, analysed with the same procedure. The comparison is extended to results obtained on older laboratory strains from Africa and India. Two kinds of unrelated traits have been investigated: body size and thoracic bristle number. The main result is that American populations are characterized by their large body size, without any latitudinal trend, while latitudinal clines may be observed in Africa and India.
Materials and methods

Populations investigated
We investigated five South-American natural populations collected between December 1999 and December 2004 (see Table 1 ). These populations were analysed with the isofemale line technique, in their second laboratory generation . The same procedure was applied to four African localities, on populations sampled between 2000 and 2003 (Table 1) for a total of 70 lines.
We also investigated a set of seven Old-World populations, kept as mass cultures, generally for several years, under laboratory conditions (see Table 7 ). Finally, we also compared the data to those previously published (Karan et al, 2000) on 10 latitudinal populations from India.
Experimental procedure
For the populations analysed with the isofemale line technique, we isolated single wild collected females in culture vials for the production of F1 progeny. A set of 10 pairs from each line was then randomly taken as parents for the experimental flies. After about a week at 20-221C (a delay necessary for Zaprionus adults to reach their reproductive maturity), each parental group was transferred to a culture vial containing a killed yeast, high nutrient medium (David and Clavel, 1965 ) and the operation was repeated for 2 successive days.
For D. melanogaster, this medium prevents any significant variation of morphometrical traits according to larval density (Karan et al, 1999b) . Such is not the case for Z. indianus. This species is far more sensitive to larval density and, when many larvae are present in a culture, they try to escape and pupate outside the vials. This results in a high pupal mortality and, more importantly, in a heterogeneity between developmental conditions among individuals. As a remedy, we strongly controlled larval density in each vial. When a vial appeared to harbour too many young larvae, part of them were transferred to a fresh culture vial. With that procedure, larval density was kept below 50 larvae per vial, and most pupae remained at the food level. After removing the parents, experimental vials were transferred at 251C. 
Morphometrical analysis
Adults from the same line but developed in different vials were pooled into a single sample, and 10 flies of each sex were randomly taken for being measured after anaesthesia. Two size-related traits were investigated: the total wing length, from the thoracic articulation to the tip; the total thorax length, from the neck to the tip of the scutellum. Measurements were performed with a micrometer in a binocular microscope, and micrometer units converted to mm Â 100. As in previous papers, we also calculated the wing/thorax ratio (W/T ratio), which appears as a specific trait, related to wing loading and flight capacity (Pétavy et al, 1997) . A meristic trait, sternopleural bristle (STP) number, was also measured on the right and left side of the thorax, and then the sum was calculated.
Data analysis
Data were analysed with classical statistical methods, using the Statistica package (1999). We considered not only the mean values of the traits, but also their variability, expressed as a coefficient of variation (CV) both at the intra-and between-line level. Genetic variability was appreciated by calculating a coefficient of intraclass correlation (ICC) and a genetic CV (evolvability; Hoffmann and Parsons, 1988; Houle, 1992; David et al, 2005) . Phenotypic (intraline) and genetic (betweenline) correlations were also investigated between different traits. Finally, we also analysed the relationships between morphometrical traits and latitude of origin in the various geographic groups.
Results
Mean values in populations analysed by isofemale technique
Mean values of morphometrical traits are given in Table 1 for the five South-American samples, collected between 1999 and 2004, and for five Afrotropical populations, collected during the same period. Results of ANOVA applied for each trait to the whole data set of 10 samples are shown in Table 2 . For the two size-related traits, there is a significant difference between continents, more pronounced for thorax length. A similar conclusion is provided t-tests in Table 1 : American populations are bigger than African ones. For the W/T ratio, the intercontinental effect disappears. For STP bristles, there is a slight difference between continents, but in females only. For all traits, except STP bristles in females, there is a highly significant population effect, which means a heterogeneity among populations of the same continent. This phenomenon was further investigated by separate ANOVAs (not shown) within each continent. The heterogeneity between populations was always greater among African populations than among American ones. The phenomenon was especially visible for W/T ratio: in America, variations among populations accounted for 10.2% of the total variation, while the proportion amounted to 51.1% in Africa. Looking at Table 1 , we see that the samples from Sao Tome are remarkable by a low ratio (2.1) corresponding to a high wing loading.
In all cases, we found a highly significant line effect, indicating, as expected, an intrapopulation genetic variability. The amount of the total variation explained at this level is however variable among traits, from 9.9% for female wing up to 54.4% for female STP number.
The bigger size of Brazilian flies is illustrated in Figure 1 , which compares the Rio samples with the smallest African population from Sao Tome island. We see that the best discrimination is provided by wing length, since it is possible to assign, without any ambiguity, each isofemale line to its geographic origin. The discriminating power is slightly less for thorax length, since there is a slight overlap between the two distributions. Both size traits exhibit a clear positive correlation between female and male values, as illustrated in Figure 1 .
Variability within isofemale lines
Intraline CVs: For each trait, the variability among the 10 flies measured in each isofemale line was characterized by its CV, for a total number of 145 lines. Mean values observed in the different populations are given in Table 3 . For all traits (except W/T ratio). ANOVA (not shown) revealed a significant heterogeneity among the 10 populations. This phenomenon was further explored by comparing the two geographic groups either with ANOVA or with a Student's t-test based on the mean values of the 10 populations. Both methods led to the same conclusion: significant differences were found between the two groups, except for the W/T ratio in both sexes and the bristle number in males. In all significant cases, American populations were consistently less variable than African ones.
Comparisons among sexes failed to evidence any significant difference between males and females. There were however significant differences between traits: wing length was slightly less variable than thorax length, on average 1.71 vs 1.84; the W/T ratio was less variable than the traits themselves (on average 1.42). Finally, the sternopleural bristle number was much more variable (on average 9.18), as usual for meristic traits. (Table 4) . As expected from data in other species, a positive correlation was always found between wing and thorax length. In a first step, ANOVA (not shown) after a z transformation revealed significant differences among populations but not between sex nor line. In a further analysis, we compared the two geographic groups by a two-way ANOVA (not shown). There was no significant effect of sex, but a significant geographic effect was found. When intercontinental comparisons are made separately for each sex, only the difference for the females is significant (Table 4) . If we, however, pool the data of both sexes, the difference becomes more significant. On average, wing and thorax are less Relationship between intraline CVs and wing-thorax correlation: Previous results have shown that populations were significantly heterogeneous, both for the intraline CVs and for the intraline correlation between wing and thorax. More precisely, American populations are consistently less variable and their wing-thorax correlation is smaller than in African populations. Variability among individuals of the same line reflects mostly an environmental component . For instance, if for an unknown reason (eg development in a drier part of a vial) an individual becomes smaller, this phenomenon should increase both the variance in size and the covariance between size traits. We asked the question: is there a positive relationship, at the line level, between the CVs for size traits and the wing-thorax correlation? For estimating an overall CV for size, we averaged for each line the values found for wing and thorax. For each population, we calculated the correlation between the intraline CV and the intraline wingthorax, r coefficient. The answer to the question was clearly yes. Average values for the 10 populations are r ¼ 0.5570.07 in females and r ¼ 0.3970.09 in males. This phenomenon is illustrated graphically (Figure 2) for the 34 lines that compose the two Rio samples. If we first consider the relationship between body size CV and wing-thorax Pearson's coefficients (Figure 2a) , there is a positive correlation between the two variables, but the relationship is better described by a quadratic polynomial, as shown in the figure, and both the linear (P ¼ 0.002) and the quadratic (P ¼ 0.04) components are significant. This curvilinear regression disappears however by using the z transformation (Figure 2b ). In this case, the quadratic parameter is no more significant (P ¼ 0.35) while the linear component becomes highly significant (Po0.001).
We also analysed the same relationship among population mean values, pooling into a single sample the American and African populations. We again found a significant, positive correlation between the two kinds of parameters ( Figure 3 ). As suggested above, a higher phenotypic variability of size traits is always accompanied by a stronger positive correlation between these traits. In this case, the overall positive regression is mainly explained by the difference between American and African populations.
Genetic variability ICC and genetic CV: ICC coefficients are given in Table 5 . A two-way (population and sex) ANOVA (not shown) applied on the total set for each trait evidenced a significant population effect for wing length, thorax length and STP bristle number, and also a significant sex difference for STP. Further analyses did not however show any significant difference between the two geographic groups, although in most cases, average ICCs were slightly higher in the American group (see Table 5 ). Average values among traits are quite similar and never exceed 0.30. Similar values were already observed in an Indian population (Karan et al, 1999a) .
We also calculated for each trait the genetic CVs (not shown) and did not find any significant difference between sexes. Also, differences between the two geographic groups were never significant. There were however significant differences between traits. Average values (n ¼ 20) were almost identical for size traits, that is 1.1070.07 and 1.0770.06 for wing and thorax Genetic correlations: Genetic correlations, among family means, were calculated within each population (data not shown). Between wing and thorax length, positive significant correlations were found in all cases, with no difference between groups or sexes, and the overall value is 0.6670.04 (n ¼ 20). Correlations between STP bristles and size traits were close to zero and not significant: average values were, for wing-bristles, r ¼ À0.0170.06, and for thorax-bristles, r ¼ À0.0670.06 (n ¼ 20 in each case). We also asked the question: is there a relationship, at the population level, between genetic variability (CVg) and genetic correlation between wing and thorax. Data (not shown) produced quite unexpected results. In males, the correlation was r ¼ 0.61 (n ¼ 10), not very far from the significance threshold (0.63 for P ¼ 0.05). In females, however, the correlation was negative (r ¼ À0.17) and close to zero. Such a contrast deserves further investigation. A conservative hypothesis is that the correlation, if any, is low when populations are compared. while it is highly significant when the intraline variability is considered (Figures 2  and 3 ).
Phenotypic variability according to latitude of origin Besides the 10 populations that were investigated with the ILT technique (see Table 1 ), we also had data for six African and one Indian population (Chandigarh) that were measured on mass laboratory strain (Table 6 ). We can also compare these results to those of 10 mass populations from India, already analysed in a previous paper (Karan et al, 2000) . For each geographic group (American, African and Indian), we investigated the relationship between each quantitative trait and latitude of origin (see Table 7 ). In most cases, a positive correlation was found with latitude of origin, but a significant value was observed, for both sexes, in four cases only: wing and thorax length in India, and wing length and W/T ratio in Africa. Interestingly, no significant effect was detected in American populations, for which the regression coefficients were always close to zero. These results are illustrated in Figure 4 , for wing length and W/T ratio in females.
The graph for wing length clearly evidences a steep cline on the Indian continent, a smooth cline in Africa and the complete lack of clinal variation on the American continent. On average, American populations are bigger, Indian are much smaller and African are intermediate. Differences are more pronounced at the intercept level (the Equator), and values converge at higher latitudes. The number of observations is always equal or superior to 25 flies. A somehow different picture is obtained for the W/T ratio. A general observation is the broad dispersal of the mean values. The only significant increase with latitude (Table 7) is found for the African populations.
In that case, however, there are two populations that are quite apart from the regression line. At the equator level, the population of Brazzaville exhibits a high value (2.20); at a latitude of 32.41, the population of Madeira has a still higher ratio (2.26). Interestingly, these two values were obtained on mass cultures kept several years in the laboratory. It is thus possible that W/T ratio is more sensitive to laboratory genetic drift than the traits themselves. If we consider only the five African populations analysed with the ILT method (Table 1) , the correlation of W/T ratio with latitude is 0.81 in female and 0.79 in male, while the significance threshold is 0.87 for P ¼ 0.05. Finally, if we pool all populations into a single sample (n ¼ 27), the relationship with latitude becomes significant: female r ¼ 0.41 (P ¼ 0.034); male r ¼ 0.39 (P ¼ 0.042) (see Table 7 ). We may conclude that a latitudinal trend for an increased W/T ratio (and a lesser wing loading) exists in Z. indianus, although many more populations should be investigated immediately after being collected for getting a better geographic picture.
Discussion
The major aim of this paper was the analysis of two kinds of quantitative traits (body size and thoracic bristle number) in the recently introduced South-American populations of Z. indianus, and to compare the results to those of ancestral populations in the Old World. All American samples were remarkable by their big size. Although there were slight differences among geographic samples, there was no trend for a latitudinal clinal variation. Latitudinal clines, however, exist in India for wing and thorax length, and in Africa for wing length and wing/thorax ratio. Such trends agree with what is known in other cosmopolitan species, such as D. melanogaster and D. simulans (Capy et al, 1993; Gibert et al, 2004) , D. kikkawai (Karan et al, 1998b) or D. subobscura (Huey et al, 2000) .
Tropical Africa harbours the ancestral populations of Z. indianus (Tsacas, 1985) , while Indian populations have been introduced, at an unknown date, but certainly more than three decades ago (Gupta, 1970) . In this respect, it is at first sight surprising that latitudinal clines are more pronounced in India than in Africa. Such an observation is however not unique, and a similar case exists in D. melanogaster for chromosome rearrangements polymorphism. In tropical Africa, ancestral populations are highly variable for inversion frequencies, but with no latitudinal trend (Aulard et al, 2002) . In introduced populations, however, cosmopolitan inversions exhibit clear latitudinal clines, for example in North America or Australia (Knibb, 1982; Lemeunier and Aulard, 1992) . It is possible that a founder event, followed by a rapid extension, renders the populations more sensitive to climatic selective pressures. In the America-introduced D. subobscura populations, latitudinal clines were observed, quite rapidly, for chromosome inversions (Prevosti et al, 1985; Ayala et al, 1989) , while it took more than 10 years, for the same populations, to show a latitudinal cline for wing length (Huey et al, 2000) . The absence of latitudinal differentiation of body size in American Z. indianus is presumably a consequence of a too short evolutionary time.
Contrary to body size, the sternopleural bristle number revealed only a small amount of between-population differentiation and, more importantly, no significant influence of latitude, in any part of the world. Sternopleural bristle number shows clear latitudinal clines in D. melanogaster and, to a lesser degree, in D. simulans (Capy et al, 1993; Gibert et al, 2004) , while there is no cline in D. kikkawai (Karan et al, 1998b) . The adaptive significance of STP number is difficult to understand (Moreteau et al, 2003) , and it is possible that significant differences exist among species, concerning the reactivity of this trait to climatic conditions. The geographic origin of the propagule that colonized Brazil in 1998 is not known, but our data help to discuss the matter. The big size of American flies suggests a highlatitude origin. In this respect the biggest population investigated so far from the Afrotropical region is from Madeira island. This population, however, corresponds to a fairly recent introduction. Z. indianus was absent of Madeira at the time D. madeirensis was described from this island (Monclú s, 1984) . A more detailed analysis of populations on African mainland, for example from Sénégal, remains to be undertaken. Our results have shown that the genetic variability of the American populations, estimated either with the intraclass correlation or the genetic CV, was quite similar to what has been found in African populations for which a large genetic size is expected. This suggests that the American colonizing propagule was of a sufficient size to carry practically all the genetic diversity of the origin population. A similar conclusion was already obtained from a comparison of allozvme diversity in Brazilian and Old-World populations (Mattos Machado et al, in press).
We, however, made an unexpected observation: the occurrence of a significant difference in the intraline variability between American and African populations. The intraline CV mostly expresses an environmental component of the phenotypic variance . The fact that American populations were consistently less variable, for size traits in both sexes and for STP bristle number in females, is difficult to explain. The phenomenon cannot be due to uncontrolled variations in the experimental conditions (eg food quality), since measurements were made in four different years, and at the same time for American and African samples. The data might be due to a lesser genetic variability in the American flies, related to the foundation. However, the CVgs for size traits are almost identical: 1.0770.01 in America and 1.1070.04 in Africa (n ¼ 4 in each case). We may therefore propose that the genetic difference between American and African populations concerns the level of developmental stability or canalization. Why and how American flies are phenotypically more stable remains, however, a matter of speculation.
The lesser phenotypic variability of the American flies is accompanied by a lesser correlation between wing and thorax. This result is clearly visible at the line level within a given population: the most variable lines are also those where the wing-thorax correlation is maximum. An analogous observation (unpublished results) has also been made in D. melanogaster, so that the phenomenon might be a general characteristics in Drosophila. We also found a similar relationship at the populations level (Figure 2 ) contrasting the American populations with a lower variability and the African ones. We also asked the question: are the intra-line CVs and the between-line (genetic) CVs correlated? These correlations were calculated separately for each sex and trait (n ¼ 8) on the 10 populations from America and Africa. Values of r ranged between À0.03 and 0.44. with an overall mean of 0.2 170.06. This mean is significantly greater than zero, although the coefficient of determination (R 2 ¼ 0.04) is very small. The fact that the withinand the between-line variability are almost independent is a further argument to say that they measure different components of the total phenotypic variance .
Our colonization scenario of South America is at least plausible: a single, fairly large propagule was introduced from an Afrotropical country, followed by a rapid geographic spread, but several questions remain. One is the process of geographic extension in America, with two likely possibilities: a spontaneous and progressive diffusion from the margins of natural populations; or jumps from a locality to a distant one, thanks to an artificial, man-made transportation. The role of such transportations within Brazil may be important. It is presumably the cause of the presence of Z. indianus in oceanic islands which, like Fernando de Noronha island, are at a distance of 350 km from the mainland (BC BitnerMathé, unpublished). Another point concerns the geographic limits of Zaprionus populations. Going south towards high latitudes, Z. indianus is found in Uruguay, but only during the warm season (Goñ i et al, 2001, unpublished) . Little doubt remains that winter, cold temperature is responsible of the absence of permanent populations. Whether these marginal populations will eventually be able to increase their cold tolerance and make permanent populations should be a subject of future investigations. Going north of the Equator, favourable tropical climatic conditions are found up to southern USA. Indeed, Florida harbours at least two circumtropical species, D. ananassae and D. malerkotliana (Birdsley, 2003; Medeiros et al, 2003) , that are absent from Uruguay, but present in Southern Brazil. In other words, climatic conditions in Florida are more favourable to tropical species than in Uruguay. Owing to the capacity of Z. indianus to travel with fruit shipments, we may expect that North America will be colonized in a short future, the climatic limit being at the level of southern USA states. Ecological surveys are strongly needed in all North-American countries.
